The damaged DNA-binding protein (DDB) complex, thought to recognize (6-4) photoproducts and other lesions in DNA, has been implicated to have a role in global genomic nucleotide excision repair (NER) and E2F-1-mediated transcription. The complex consists of a heterodimer of p127 (DDB1) and p48 (DDB2), the latter also being known as XPE. We reported previously that in Drosophila expression of the DDB1 (D-DDB1) gene is controlled by the DRE/DREF system, and external injury to DNA is not essential for D-DDB1 function. In the present study of the function of D-DDB1 in a multicellular system, we prepared transgenic flies, which were knocked down for the D-DDB1 gene due to RNA interference (RNAi), and performed immunocytochemistry to ascertain the distribution of D-DDB1 in the eye imaginal disc. It was found to be abundant in the anterior of the morphogenetic furrow (MF). Whole-body overexpression of dsRNA of D-DDB1 in Drosophila using a GAL4-UAS targeted expression system induced melanotic tumors and caused complete lethality. When limited to the eye imaginal disc, a severe rough eye phenotype resulted. Correspondingly, all of the D-DDB1 gene knocked-out flies also died. D-DDB1 therefore appears to be an essential development-associated factor in a multicellular organism.
T HE damaged DNA-binding protein (DDB) comtants) are selectively defective in global genomic repair plex, which is a heterodimeric protein composed (GGR; Hwang et al. 1999) . No mutations of mammalian of 127-kD (DDB1) and 48-kD (DDB2) subunits, has DDB1 have been described although Zolezzi et al. been shown to recognize many types of DNA lesions (2002) discussed that although DDB1 is not necessarily (Feldberg 1980; Carew and Feldberg 1985; Hirsch- a lethal factor in a unicellular system, the very potent feld et al. 1990; Keeney et al. 1993; Reardon et al. 1993;  defects that result as a consequence of the SchizosaccharoPayne and Chu 1994). DDB1 can interact with SPT3-myces pombe DDB1 deletion would suggest that mutations TAFII31-GCN5L acetylase (STAGA) complex (Martinez in the mammalian DDB1 gene are likely to be lethal. et al. 2001 ) and p300 histone acetyltransferase (RapicBecause functions of DDB other than directly in DNA Otrin et al. 2002) , while DDB2 can interact with CREBrepair have recently been suggested (Nichols et al. binding protein (Datta et al. 2001) . DDB might func-2000; Takata et al. 2002; Zolezzi et al. 2002) , the prestion as a repair protein to alter chromatin structure and ent study was performed to investigate the properties recruit nucleotide excision repair (NER) factors to DNA of DDB1 in the whole body of Drosophila melanogaster. damage sites. DDB2 is also known as xeroderma pigmento-DDB2 binds to E2F-1, which is a cell cycle regulatory sum complementation group E (XPE) and cells with mutatranscription factor (Hayes et al. 1998) . DDB binds to tions in this gene are mildly defective in NER of DNA cullin 4A, which is believed to be a ubiquitin-protein damage (Shiyanov et al. 1999a; Liu et al. 2000) . Howisopeptide ligase (type E3; Shiyanov et al. 1999b) . The ever, DDB was found not to be required in NER reconstiapolipoprotein B (apoB) gene regulatory factor-2 (BRFtution studies in vitro (Aboussekhra and Wood 1995;  2)/human hepatitis B virus X-associated protein-1 Mu et al. 1995; Kazantsev et al. 1996) despite the fact (XAP-1)/DDB1 may belong to a new family of transcripthat damaged DNA-binding activity of DDB is absent in tion factors and control apoB gene transcription cells of a subset of XPE patients (Chu and Chang 1988; (Krishnamoorthy et al. 1997) . DDB1 also binds to viral Kataoka and Fujiwara 1991; Keeney et al. 1992 Keeney et al. , 1993 .
transcriptional transactivators, including the hepatitis B In vivo studies have shown that XPE cells (DDB2 muvirus X protein (HBVx; Butel et al. 1995) . DDB1 has roles in chromosome segregation and the aberrant nuclear structures observed in the ddb1⌬ strain in S. pombe 1 lishment of lines carrying GMR-GAL4 was described earlier TABLE 1 (Robertson et al. 1988; Takahashi et al. 1999 (Takata et al. 2002) , which is generally responsible for 1996), cyclin A (Ohno et al. 1996) , ras (Lightfoot et transiently shifts from one cell compartment to another (650)-dsRNA/ϩ;Act5C-GAL4/ϩ) were resolved on 1.2% formal- (Takata et al. 2002) . The results indicated that D-DDB1 dehyde-containing agarose gels and transferred onto nylon not only contributes to the DNA repair system, but also membranes (Hybond-Nϩ; Amersham, Arlington Heights, IL). After prehybridization, the filters were probed with a 32 Pplays roles in cell proliferation and development. RNAi, and knocked out for the D-DDB1 gene by P-elefor 16 hr, followed by washing twice with 2ϫ SSPE ϩ 1% SDS ment insertion, that D-DDB1 acts as a cell-proliferation at room temperature for 15 min and twice with 1ϫ SSPE ϩ 0.1% SDS at 60Њ for 20 min. Blots were exposed to Kodak and development-associated factor as well as in DNA X-Omat XAR films and quantified with a NIH imaging anarepair. Interestingly, we found that a defect in D-DDB1 lyzer.
caused lethality in our multicellular system. Knock down Western blotting analysis: Western blotting analysis was of D-DDB1 in the entire eye imaginal disc, but not when carried out by the method of Towbin et al. (1979) . A total posterior to the morphogenetic furrow (MF), further of 60 g of TCA-precipitated proteins of a homogenate of Drosophila bodies was separated on 10% SDS-PAGE. Polycaused a severe rough eye phenotype.
clonal antibodies reacting with D-DDB1 were affinity purified by D-DDB1 protein-conjugated Sepharose column chromatography (Takata et al. 2002) Establishment of transgenic flies: P-element-mediated germImmunohistochemistry: The polyclonal anti-D-DDB1 antibody (Takata et al. 2002) used for the immunocytochemical line transformation was carried out as described earlier (Spradling and Rubin 1982) . F 1 transformants were selected study reacts specifically with the D-DDB1 protein in a crude extract of Drosophila embryos and with that produced in on the basis of white eye color rescue (Robertson et al. 1988) . Established transgenic strains carrying pUAS-D-DDB1(650)-Escherichia coli carrying the expression plasmid for a recombinant D-DDB1 (Takata et al. 2002) . Third instar larvae were dsRNA and their chromosomal linkages are listed in Table 1 .
Fly stocks: Fly stocks were cultured at 25Њ on standard food. dissected in Drosophila Ringer's solution and imaginal discs were fixed in 4% paraformaldehyde, PBS for 20 min at room The Canton-S fly was used as the wild-type strain. The line expressed GAL4 under the control of the Act5C gene protemperature or at 4Њ. After washing with PBS, 0.3% Triton X-100 (PBS-T), the samples were blocked with PBS-T conmoter, Act25 gene promoter, and eyeless gene promoter. Estab-Drosophila Damaged DNA-Binding Protein 1 taining 10% normal goat serum for 30 min at room temperaWe also found that the D-DDB1 gene is controlled by the ture and incubated with a rat anti-D-DDB1 polyclonal antibody DRE/DREF system, which is responsible for activating the at a 1:100 dilution, a rabbit anti-D-RPA70 polyclonal antibody promoters of proliferation-related genes (Takata et Itoh et al. 1999; Nichols et al. 2000) . The DDB complex is thought to recognize (6-4) phowhich are thought to arise as a normal and heritable toproducts and other lesions in DNA and consists of a response to some form of abnormal development and heterodimer of p127 large subunit (DDB1) and p48 form groups of cells that are recognized by the immune small subunit (DDB2) (Feldberg 1980; Carew and system and encapsulated in melanized cuticle (Watson Feldberg 1985; Hirschfeld et al. 1990; Keeney et al. et al. 1991) . All transgenic flies died. Almost all trans-1993; Reardon et al. 1993; Payne and Chu 1994) . DDB2 genic flies died by the third instar larvae, after a 1-to has roles in GGR but not in transcriptional coupled 2-day delay in development. A few transgenic flies lived repair (TCR). Although DDB1 is evolutionarily conuntil early pupal stages ( Figure 2B ) but none grew to served from yeast to mammals, its functions remain unadults. Act25-GAL4/UAS-D-DDB1(650)-dsRNA showed the clear. To generate a deeper comprehension of its nature same phenotype. Note that no phenotypic differences we here chose D. melanogaster as an experimental system. were observed among four independent lines carrying In Drosophila, DDB1 appears to act as a repair factor, UAS-D-DDB1 (650) total RNA extracts were determined with the D-DDB1 ORF (1774-3423 bp). As shown in Figure 3 , the trandsRNA/Cyo,GFP (control flies with GFP signal) were counted. About 70% of the RNAi active transgenic flies scripts of D-DDB1 were reduced by 92.7% by RNAi compared with the amount of RP49 transcripts. As shown died by the third-instar larvae, compared with the control flies ( Figure 2E ). When they were crossed with the in Figure 3A , the amount of PCNA was not changed after inducing the D-DDB1 gene silencing. Like the Act25-GAL4/Cyo,GFP transgenic flies and the wild type EY01408 flies died the knocked-down flies lived slightly longer than the knocked-out flies. The reason may be that the D-DDB1 at the first instar larval stage, caused by melanotic tumors ( Figure 2F ). Reverting the lethality by excising the P gene is not completely degraded by the RNAi ( Figure  3, A and B) , and the D-DDB1 protein is tough to deelement in the flies indicates that D-DDB1 must be an essential factor for development. The melanotic tumor grade. As described previously, Drosophila cultured Kc cells knocked down for D-DDB1 did not die completely, develops not only in the RNAi knock-down flies ( Figure  2A ) but also in the P-element-insertion knock-out flies but became sensitive to UV (Takata et al. 2002) . There is also a report that a DDB1 knocked-out strain (FZ150) ( Figure 2F) .
Next, expression of D-DDB1(650)-dsRNA in the transof S. pombe does not always suffer mortality, although . Either tial factor in a unicellular system, but has an essential role in the development of multicellular systems. the overproliferation or the premature differentiation could induce melanotic masses. In a wild-type eye disc, Distribution and knock down of D-DDB1 in Drosophila eye imaginal discs: Melanotic masses in D. melanogascells divide asynchronously, which occurs anterior to the MF (Figure 4 ). As they enter the furrow, they are ter are generally accompanied by overproliferation, prearrested in G0/G1 phase and synchronously enter the mature differentiation, and aggregation of hemocytes last round of the mitotic cell cycle. Cell differentiation (Dearolf 1998). Drosophila Act5C and Act25 promothen occurs posterior to the MF (Figure 4) . We here applied double labeling with anti-D-DDB1 and anti-D-RPA70 (70-kD subunit of Drosophila-replication protein A) antibodies, because there is a report that DDB mediates NER activity (Wakasugi et al. 2001 ) and because replication protein A (RPA) is known to be an indispensable factor for replication. Triple staining (D-DDB1 in red, DNA in blue, and D-RPA70 in green) showed D-DDB1 was abundant anterior to the MF (Figure 4) , suggesting roles in cell proliferation. 
GAL4/GMR-GAL4;UAS-D-DDB1(650)-dsRNA/UAS-D-DDB1
postmitotic. In addition, some cells in the region more posterior to the MF, where commitment to a neuronal (650)-dsRNA] also exhibited normal eye morphology (data not shown). The normal compound eye has regufate occurs and is normally followed by differentiation into specific cells such as photoreceptors, were labeled lar ommatidia and bristles ( Figure 5A, left) . Horizontal sections of eyes of adult flies also showed the D-DDB1
with BrdU ( Figure 6A, right) . Failure of normal cell cycle progression and disturgene silencing-induced eye degeneration ( Figure 5B ). We next observed effects on the eye imaginal disc of bance of differentiation processes are known to cause apoptosis (Harrington et al. 1994) . For example, it transgenic flies. The eye imaginal disc of ey-GAL4/UAS-D-DDB1(650)-dsRNA was smaller than that of wild type has been reported that overexpression of dE2F and dDP in eye imaginal discs using a GMR promoter induces ( Figure 5C ). The results also indicate that D-DDB1 has a function in cell proliferation so the D-DDB1 gene siapoptosis and that this counterbalances cells that enter an abnormal S phase (Du et al. 1996) . We investigated lencing caused small eye imaginal disc morphology. whether D-DDB1 gene silencing can induce apoptosis in eye imaginal disc cells or not. In wild-type discs of analyzed the effect of D-DDB1 gene silencing on photoreceptor specification. In wild-type discs, developmentally uncommitted cells are sequentially recruited into order: R8 is generated first, with movement posterior from the MF, then cells are added pairwise (R2 and clusters that comprise ommatidial precursors. Cluster formation is first observed within the MF, where cells R5, R3 and R4, and R1 and R6), and R7 is the last photoreceptor to be added to each cluster. We used are in G1. Cells either leave the cell cycle and differentiate or undergo a final synchronous round of cell divithree enhancer trap lines, X63 (inserted in rhomboid; Figure 7 , top), D120 (inserted in scabrous; Figure 7 , sion. Overt ommatidial organization starts in the MF when cells are grouped into equally spaced concentric middle) and BB02 (inserted in rhomboid; Figure 7 , bottom), specifically expressing the nucleus-localized form aggregates, which convert into preclusters. Photoreceptor cells have been found to develop in stereotyped of E. coli ␤-galactosidase marker in photoreceptor cells (R) of R2/R5/R8, early R8, and late R8, respectively. The imaginal discs from F 1 larvae generated by mating of enhancer trap lines and 650 bp dsRNA of D-DDB1-expressing transgenic flies [ey-GAL4,UAS-D-DDB1(650)-dsRNA/ϩ;rhomboid-lacZ/ϩ] were immunohistochemically stained with anti-␤-galactosidase antibody. In the ommatidia of 650 bp dsRNA of D-DDB1-expressing animals, positive nuclei of late R2/R5/R8, early R8, and late R8 were fewer than in the control case (Figure 7 , a and c, top, middle, and bottom), and an abnormal staining pattern was apparent (Figure 7 , b and d, top, middle, and bottom). The results indicate that D-DDB1 gene silencing inhibits the differentiation of photoreceptor cells. The S. pombe strain lacking ddb1 has slow growth due to delayed replication progression. Flow-cytometric analysis shows an extensive heterogeneity in DNA content. A large number of cells specifically displayed DNA content intermediate between 1N and 2N, which may represent slow replication (Bondar et al. 2003) . While it may be due in part to defective chromosomal segregation in the ⌬ddb1 strain, as reported (Zolezzi et al. 2002) , aberrant S-phase progression also could explain the heterogeneous DNA distribution. Thus DDB1 appears to have roles in cell proliferation, especially relevant to replication progression and mitosis. Because differentiation is correlated with modification of cell cycle processes, D-DDB1 gene silencing may cause inhibition of differentia- Figure 8F ) showed a more se-DDB2 and CSA contain WD40 domains, the other proteins with the WD40 domain may also be able to bind vere rough eye phenotype than the eyes in Figure 8E mouse knocked-out DDB1 may lack the brain and subsequently die at the early embryo stage. In a mouse knocked out the genes of XPA and CSB (XPAϪ/ϪCSBϪ/Ϫ), the LITERATURE CITED cerebellum was remarkably smaller but did not lack the Aboussekhra, A., and R. D. Wood, 1995 Detection of nucleotide brain (Murai et al. 2001) . These results suggested that DNA repair but also in development. S. pombe DDB1 is Chu, G., and E. Chang, 1988 Xeroderma pigmentosum group E reportedly linked to the replication checkpoint control cells lack a nuclear factor that binds to damaged DNA. Science 242: 564-567.
gene cds1, and the S. pombe strain lacking DDB1 grows Datta, A., S. Bagchi, A. Nag, P. Shiyanov, G. R. Adami et al., 2001 slowly because of prolongation of S phase (Bondar et al. the S. pombe strain lacking DDB1 (Zolezzi et al. 2002) .
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As in S. pombe DDB1, we showed that D-DDB1 has an 
